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Human keratinocytes in culture were prelabeled with 
eHJarachidonic acid (AA) and then exposed to ultravi-
olet B radiation. Irradiated cells released labeled AA 
metabolites into media in a dose-dependent manner 
when compared to sham-irradiated cells. The response 
began immediately and continued for 2 4 h. Extracts 
from media were examined by high-performance liquid 
chromatography for identification of specific AA metab-
olites. Irradiated cells were stimulated to produce pros-
taglandin-like material (PGE2 and PGF2 .. ). These find-
ings support the concept that the cell membrane of ke-
ratinocytes participates directly or indirectly in initi-
ating the sunburn response. It is also felt that the metab-
olites formed following injury to the membrane are an 
integral component in the mediation of that response. 
"Sunburn" is a n express ion of the cuta neous effects of UV 
radiatio n. I t represents only one componen t of a very complex 
organ system respon se to injury by a physical agent a nd consists 
of inflammation a nd repa ir. Although extremely common , t he 
mech a nis m of its expression is poorly understood. Delineation 
of the processes by which UV photons induce inf1ammation 
and r epai r wou ld be of interest not o nly as regards sunburn but 
a lso in understanding the manner by which diverse traumas 
a lter t issue growth and diffe rentiation. 
Investigation of mechanisms a nd pathophysiology by which 
UV radiation induces cha nges in skin a re curren t ly being 
reevaluated. Early studies in t his field suggested t hat initial 
photochemistry in membranes and organelles we:e !mpor~a nt 
components of t he cutaneous response to UV radwt10n . S m ce 
1966, with t he introduction of co ncepts of DNA photodamage 
and its repair, however , photobiologic inte rest has focused 
mainly on de lineating nuclear effects ofUV radiatio n [1]. There 
is indirect evidence, however, from studies in intact huma n 
skin t hat s unburn , at least, is mediated t hrough UV effects o n 
membranes of cells . Gilchrest et al [2] have demonstrated t hat 
u ltrav iolet B (UVB) (280-329 nm) radiation induces epidermal 
cell damage ("sunburn ce ll "), mast cell degranulation, a nd 
vascular dilatation in huma n skin in vivo. They, and others [3-
8 ] have also s hown t hat sun burn is mediated, in part at_leas_t, 
by prostaglandins (PGs) and other metabolites of a rach1dom c 
acid (AA)- agents derived from membra ne phospholipids. To 
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delineate the cellular mechanisms of UV -induced inf1ammation 
we have developed techn iques for examining radiation pertur-
bation of membrane phospholipid metabolism in cel l culture 
systems: We have previously presented evidence documenting 
UVB-stunulated release of AA from membrane phospholipids 
and PG production by mouse fibroblasts (9]. We now describe 
a system for assaying similar effects of UV radiation on human 
epiderma l keratinocytes in cu lture. 
MATERIALS AND METHODS 
Epidermal Cell Cultures 
Cells were grown accord ing to the system of Eisenger et al [10] 
described in detail previously. In brief, normal human breast skin was 
obta ined from surgical specimens. T he sk in was cut. into small discs 
and exposed fo r a 12- to 14-h period to a 0.25% trypsin solution. The 
tryptic activity was stopped with feta l calf serum 20%. The epidermis 
fro m eac h disc was peeled from the dermis and the epidermal discs 
were pooled. A single cell suspension of ep idermal cells was produced 
by vigorous trituration in trypsin:EDTA solution. T he trypsin:EDTA 
solu tion was inactivated with serum. Cells were centrifuged, the tryp-
sin:EDTA was removed, and the cells were counted. After dilution with 
keratinocyte medium (KM + 10) t hey were seeded at appropriate dens-
ities. 
Media , Solutions, and Chemicals 
EDTA and hydrocortisone were obtained from Sigma; t rypsin (1:250) 
was obta ined from Difco; L-glut.amine, antibiotic-antimycotic solution , 
and nonessential amino acid mixture were obtained from Gibco. 
Kerati nocyte medium (KM) consisted of minimal essential medium 
with Ea rle's salts (G ibco) plus nonessent ial amino acids (.01 mM), 2 
mM L-glutamine, hydrocortisone (0.4 ,.,gj ml) , penicillin (100 U/ ml) , 
streptomycin (. 1 mg/ ml) , and fungizone (2.5 ~<g/ ml). Seeding and 
growth medium included 10% heat- inactivated fetal calf serum 
(KM+ 10), assay medium contained no serum (KM +0). Hanks' buffered 
salt solu tion without phenol red (HBSS) was obtained from Gibco. 
l"H]AA (80- 120 Ci / mmol) 1 ,.,Cij,., l was obtained from Amersham. 
PGE2 and PGF2, 6- keto~ PGF1 .., and thromboxane were a generous gift 
of the UpJOhn Corporatton. AA and PGD2 were obtained from Sigma. 
Light Source 
The li ght source utilized in these experiments consisted of a bank of 
6 Philips TL20W / 12 flu orescem tubes. The irradiance was 12 W j m2 
as measured by an Internat iona l Light Research Radiometer- IL500A 
with a UVB probe SEE1240 (275- 303 nm ). T he spectral emission of 
the source was 270-36~ nm with emission in the UVB range (290- 320 
nm) accounttng for 60 :Jh of the trradtance. 
Experimental Method 
Human keratinocytes (passage 1) were seeded into dishes at a 
constant density (0.9- 1.3 x 10''/cm") in KM + 10. Cells for each exper-
iment were obtained from a single primary cul ture. Media were changed 
every 3- 4 days and the cells were allowed to grow until 90% confluency 
was achieved (4- 8 days). Cells were then labeled with ['1H]AA, 1 or 2 
,_,Ci / ml in J<M+10. 
After a labeling period (24- 36 h) media were removed and the 
keratinocytes were washed 3 t imes with HBSS. A small amount (0.2 
ml ) of HBSS was then added to each dish. Cells were irradiated or 
sham-irradiated (placed in the fi eld of irradiation covered with opaque 
material) with lids removed. l<M+O (1.3 ml) was added to each dish 
and the dishes were incubated for various periods of time. All experi-
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mental points were obtained from studies performed using duplicate or 
triplicate dishes and a ll were acco mpanied by sha m -irrad iated dishes 
which served as controls . Experiments were conducted at room tem-
perature (20. C). 
At appropriate times media we re removed from the dishes and 
centrifuged at 10,000 rpm for 5 min to remove detached ce lls. An 
a liquot of media (0.4 ml) was t hen assayed by liqu id scinti llation for 
release of label (LoLa! re leased a rachidonate metaboli tes ). For identifi -
cation of arachidonate metaboliteR, t he remaining media were extracted 
accord ing to techniques described by Mufson et a! Ill]. Briefly , t he 
media from triplicate dishes we re pooled, ac idified with hydrochloric 
ac id , a nd vortexed with ethyl acetate. T he ethy l ace tate laye rs from 3 
such extractions were pooled a nd dried under nitrogen. T he dried 
extract was redissolved in EtOH and examined by high -performance 
liquid chromatograp hy (HPLCl. 
HPLC 0ystem 
The system devised by S. P eters (pe rsonal communication) was 
modified for ou r ce ll cu lture system. The instruments u.·ed were a 
Perkin Elme r Series 3 microprocessor controlled pump module, Model 
SS UV -Vis Digita l Spectrophotomete r, and a Model 56 reco rde r. The 
column used was a DuPont. ODS (Cl8) column (4.6 mm x 25 em). 
Solvents used were A- aceton itri le, and B - H zO (0.1% acetic acid) , 
obtained from Fisher Scientific. Flow rate was 1.4 ml/m in . ·Initial 
solvent ratio of 32% A was increased to 36% A over 23 min and to 50% 
A over 7 min. Sta nda rds for AA, t.hromboxa ne Bz, and 6- keto-PGF,,. 
PGF2 , PGD2 , and PGF2., were solubi lized in etha nol a nd run in th~ 
above system. Standards were identified by absorption spectroscopy at 
190 nm. Unknown sa mples were run with collection of 1-min fractions. 
Solvent was evaporated a nd rad ioactivi ty was determined for each 
fraction by liquid sc in t illati on. Radioactivity eluting with each standard 
could the n be quantitated. 
Cell Viability 
Ce ll viabi li ty was determ in ed by trypan blue exclus ion assay with 
ce lls attached to the dish surface. Two hou rs after irradiation o r sham 
treatment, media were removed and cells were washed with HBSS. 
Trypa n blue was added to the dishes (.1 % final concentration) a nd 
incubated for 4 min. Viability was assayed visually by cou nt ing 100 
ce lls attached to the surface o f each dish . 
RESULTS 
Fig 1 is a representation of data obtained from a typical dose-
response experiment. The radioactivity released into media or 
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FIG 2. Human keratinocytes we re prelabeled with ["H]AA. Cells 
were irradi ated with 1200 J / m1 of UVB or sham -irradiated, a nd media 
:-:e re re moved for assay at se lected t ime inte rvals. All points represent 
X of trip licate dishes- SEM ::s 10%. A, Data presented in terms of 
cpm/ dish. B,_ Data prese nted in terms of % contro l (X cpm dish 
irradiated + X cpm dish cont rol x l 00). 
"release of label" represents the total of all labeled arachidonate 
metabolites and true AA. As shown by these data the magnitude 
of release of label correlates with UVB dose within a range of 
600- 1800 J/m". The same positive dose -response correlation 
was found in repeat experiments. The response was evident at 
lower doses (300 J/m") in some experiments and t he magnitude 
of release varied among experiments. Such variation might be 
expected since cell s utilized for different experiments were 
obtained from different primary cultures. The radioactive label 
released from cells most likely represen ts increased turnover of 
phospholipids since >90% of AA label is incorporated into this 
membrane-associated lipid component (De Leo and Hanson, 
unpublished observation). 
ln studies designed to examine t he time course of UVB 
release of total arachidonate metabolites from cells, triplicate 
dishes were irradiated or sham-treated with a constant dose of 
UVB (1200 J/m~ ) . Media were replaced and then removed at 
selected intervals from immediately after irradiation to 24 h. 
The time "0" for these experiments is set at the time of 
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replacement of media postirradiation (Fig 2A ). The UVB-
stimulated release began at the earliest assay point and contin-
ued to increase for 24 h. When irradiated release of label is 
expressed as percentage of control release (Fig 2B ), one ob-
serves the maximal UVB-stimulated release occurring within 
t h e first 3 h. The stimulation of release continues but the 
magnitude levels off somewhat between 3-24 h. 
Cell viabi lity was assessed by t rypan blue exclusion assays of 
cells attached to di shes. No differences between irradiation and 
sham-treated ce lls were noted for doses up to 2000 J/m~ with 
viabi lity essen t ially 100% for attached cells in both experimen-
tal and cont rol dishes. This assay was performed 2 h postirra-
diat io n. By 4-6 h cell s had begun to detach from dishes (25-
50% of control cells). We have found previously that smaller 
doses of UVB (300 J / m2 ) will cause cytotoxicity but in much 
more delayed fashion. At the time of release of label studies (2 
h postirradiation) (Fig 1) , however, there was no evidence of 
cytotoxicity even at the highest dose assayed. This indicated 
that t h e end point of our assay, i.e., release of label , was not 
s imply a measure of cytotoxicity leading to autolysis and release 
of incorporated AA. 
AA, once hydrolyzed from membrane phospholipids, can be 
enzymatically converted into a number of metabolic products 
varying among t issues and species. The metabolic profile of 
products produced by human kerat inocytes in culture have not 
been clearly defined. Media from control and irradiated cells 
were extracted and examined by HPLC (Fig 3). The major 
metabolites of the cyclooxygenase pathway produced by cont rol 
cells identified by elution wi th known standards were PGEz 
and PGF2 ... The prese nce of radioactivi ty elut ing with standard 
for 6- k eto-PGF 1., (prostacyclin derivative) was not identified. 
The standa rd migrates with a broad, unident ified peak of 
radioactivity. The production of prostacyclin-like material by 
our cu lt ure system is presently under investigation. Thrombox-
ane (TBX) and PGD2 were not identified. (It must be poin ted 
out that t he ident ification of metaboli tes in the data presented 
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FJG 3 . Media from 3 control and 3 irrad iated dishes were extracted 
and examined by HPLC (see text). Fractions were collected at 1-min 
in tervals and plotted in terms of radioactivity per fraction (cpm/dish). 
Peaks were identified by determining elution time for known standards. 
is based only on HPLC elution profile; further studies are 
necessary to document the identity of these substances.) Media 
from irradiated cells (1200 J / m1 ) showed qualitatively t he same 
profile with increased production of the two major metabolites 
produced by control cells (PGE2- and PGF 2.,- \ike material) . 
Again production of PGD2 and TBX was not measureable. 
When the radioactivity of fractions associated with standards 
for media from irradiated cells was compared to t hat from 
control cul tures (corrected for baseline radioactivity) , t he in -
crease in PGFz.,- like material (4-fold) was somewhat greater 
than the PGEz-like material (2- or 3-fold increase over cont rol). 
It should be pointed out, however, t hat there are a number of 
unidentified peaks of radioactivity in this system. These may 
represent metabolic products of a number of PGs most likely 
PGE2. If this is indeed t he case, the overall increases induced 
by radiat ion of a given metaboli te may not be adequately 
delineated by our data. These unknown products are presently 
being investigated. It should also be noted t hat the radioactivity 
associated with all cyclooxygenase products in the HPLC sys-
tems accounts for only 15% of total radioactivity. This indicates 
considerable radioact ivi ty associated with unmetabolized AA 
and products of lipoxygenase pathways. Modifications of t he 
present system will hopefully allow identification of these me-
tabolites in future experiments. 
DISCUSSION 
Cell culture systems have been used extensively in t he study 
of many photobiologic phenomena including investigations of 
DNA damage and repair induced by UV rad iation [12- 14) . 
These systems have proved to be good models for nuclear-
related photobiologic events. Similarly, such systems have been 
utilized extensively to study t he effects on membrane metabo-
lism induced by growt h factors, chemical tumor promoters, and 
other toxins [15]. Such systems have not been used, to our 
knowledge, to study the membrane-related effects of UV radia-
tion. Our studies were restricted to the study of AA metabolism 
of human kerati nocytes. 
Arachidonate metabolites were first implicated in the media-
tion of UV-induced inflammat ion in 1970 when Greaves and 
Sondergaard (3) identified PG-like smooth muscle-contractina 
activity of perfusates of irradiated human skin. A year late; 
Van Dorp demonstrated PG synt hesis in human skin (16) . 
Black et al [4,5] more specifically identified the presence of 
increased AA, PGE2, and PGFz., in sunburned sk in 24 h after 
UVB irradiation. They and later Gilchrest eta! [2) confirmed 
the presence of mcreased PGs in suction bullae exudate from 
UVB-irradiated skin and presented evidence for an early onset 
of this response before t he development of clinical erythema (2 
and 3 h postirradiation, respective ly). Schalla et a l [6 j extended 
these findings with a report of a dose-dependent increase in 
production of PGFz., and 6-keto-PGF, ., beginning 15 min 
postirradiation. 
These studies suggest that at least a component of the 
sunburn response in human skin is mediated by arachidonate 
metabolites. It has often been assumed that t he initial photo-
chemical reaction t riggering generation of these metabolites, in 
part at least, occurs in the epidermis (12). The data we present 
support this assumption. We document for t he first time that 
UVB radiation induces changes in membrane phospholipid 
metabolism in a purely human "epidermal" system. Further 
these changes in some respects mimic those occurring in irra-
diated human skin in vivo: (a) UVB induces the release of AA 
from keratino.cyte membranes in a dose-dependent fash ion; (b) 
the response IS monophasic, begins immediately after irradia-
tion, increases most significantly in 3-6 h, and continues for at 
least 24 h; (c) finally, UVB radiation stimulates t he production 
of PGEz- and PGF2.,-like material by keratinocytes. This sug-
gests that the human keratinocyte is a major target cell for 
induction of t he sunburn response. Although our fi ndings help 
to define the effect of UVB radiation on cell membrane metab-
olism in vitro, the importance of this information in delineating 
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the effect of such radiation in in tact human skin warrants 
further study. 
The participation of dermal cell s in generating inflammatory 
mediato rs in response to UVB radiation is of course not mini -
mized by our findin gs. In fact, our data suggest that increased 
product ion of PGD2 reported in irradiated skin [6) must be 
generated from nonepidermal sources. Similarly, endothelial 
cells of dermal vessels, which are kn own to produce prostacy-
clin , most likely contribute to the increased levels of t his 
metabo li te found in sunburned skin [6). Certainly histamine, 
kinins, and other proinflammatory age nts which have been 
fou nd in sunburned skin are derived from mast ce lls, neutro -
phils, and other dermal elements. 
Our studies indicate, however, that keratinocyte systems 
should be extremely helpful in delineating t he mechanisms by 
which UV radiation produces inflammation in t he skin of 
humans. Further, utilization of such systems should aid in 
investigations dealing with other photobiologic phenomena in 
which membrane perturbation may pa rticipate. These changes 
in membrane metabolism or structure may play a s ignificant 
role in modify ing cellular proliferation , differentiation, and 
carcinogenes is [17). 
The rapidity with which UVB induces membrane changes in 
our system suggests that membrane-derived mediator produc-
tion results from an initial photon-cellular interaction occur-
ring at the membrane level. It is possible, however, t hat such 
changes are secondary to direct nuclear or organelle damage . 
Studies t hat dea l with this question are presently being carried 
out in our laboratories. W e have previously reported [9] indirect 
evidence t hat UVB radia tion stimulates phospholipase A2 ac-
tiv ity which leads to hydrolysis and release of AA from mem-
brane phospholipids (in mouse embryo fibroblasts). Such UVB 
enzyme activation has also been reported in membrane prepa-
rations of guinea pig skin [18], and may be an early event in 
t he very complex response of human skin to environmenta l 
radiation. 
The primary s ite of initial photon absorption may involve 
DNA, membranes, or cytoplasmic organelles. Conceivably pho-
tochemistry at all of these sites participate in producing t he 
clinica l response to UVB radiation . 
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